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ABSTRACT
NONLINEAR FASTENER-BASED MODELING OF COLD-FORMED STEEL
SHEAR WALLS UNDER LATERAL LOADS
MAY 2019
FANI DERVENI, B.S./M.ENG., ARISTOTLE UNIVERSITY
OF THESSALONIKI GFREECE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Simos Gerasimidis and Professor Kara D. Peterman

As cold-formed steel (CFS) has increasingly been used in low- and mid-rise construction
across United States, it becomes necessary to capture and evaluate its lateral response in
both, sub-system/member level and system level. The main lateral resisting system in
cold-formed steel construction is shear walls; shear walls are the focus of this work. In
particular, the present study aims to shed light on the response of wood sheathed coldformed steel (CFS) shear walls exposed to earthquake events through nonlinear high
fidelity fastener-based modeling. The numerical approach is fastener-oriented including
nonlinear

experimental-determined

connector

elements

for

steel-to-sheathing

connections, orthotropic oriented strand board (OSB) modeling for sheathing material,
contact implementation and linear spring hold-down simulation for preventing uplift. The
numerical results are compared and validated by a previous experimental study, assessing
the efficiency of fastener-based modeling to capture the peak load and displacement, the
failure mechanisms and the overall structural behavior of sheathed cold-formed steel
shear walls. Furthermore, cold-formed steel to sheathing shear fastener response is
v

computationally examined and validated by a previous experimental work. The main goal
of this work is to introduce a robust computational tool capable of demonstrating how
wood sheathed cold-formed steel framed shear walls behave during a lateral load event
with potential use in any cold-formed steel screw-fastened connection system, such as
diaphragms and in any fastener-based cold-formed steel full building simulation.
Keywords: thin-walled structures, cold-formed steel, sheathed shear walls,
earthquake events, computational modeling, benchmark simulation.
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1. MOTIVATION AND PURPOSE OF THE WORK

1.1 Introduction
During the last fifty years, cold-formed steel (CFS) has been widely used in low
and mid-rise construction due to its numerous advantages in comparison with other
commonly used structural materials, such as concrete or steel. Cold-formed steel is
produced by rolling or pressing steel in low temperatures and due to its high strength-toweight ratio, its ease in prefabrication, its economy in transportation, its moisture
resistance, cold-formed steel is increasingly used in different structural applications or
innovations across United States. More specifically, efficient on-site or remote-site
fabrication approaches and panelized systems enable rapid construction. Cold-formed
steel is also extensively used as non-structural framing in partition walls or metal
building secondary systems. Cold-formed steel structural walls can be loosely classified
as gravity or lateral systems; the latter is the focus of this work.
In cold-formed steel construction, CFS-framed shear walls are common and
universal primary lateral force resisting systems. Cold-formed steel shear walls constitute
of CFS studs (lipped channels) and CFS tracks (unlipped channels) as the primary
structural frame, sheathed by wood sheets (oriented strand board, plywood) or steel
sheets, while x-bracing is often used for this purpose. The different lateral force resisting
systems are shown in Fig. 1. Some of the details used in shear wall construction are the
ledger track (unlipped channel) that it is used to transfer the loads from the diaphragm to
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the studs, hold-downs (steel angles) that are used to prevent the uplift of the wall, and
connect the shear wall to the foundation.

Figure 1: Cold-formed steel shear walls sheathed with oriented strand board, steel and x-braced.
(http://www.lotusmodular.com/cold-formed-steel-stud-shear-wall-system/).

1.2 Literature review
Cold-formed steel testing and analysis can loosely be categorized into connection, member-, subsystem-, and system-level efforts.
To date, connection shear response has received significant attention by the coldformed steel research community. Multiple experiments on the cold-formed steel to wood
sheathing connections have been conducted by Vieira and Schafer (2009), Peterman et al.
(2014) and Tao et al. (2016) in order to shed light on the shear response of the fasteners
under both monotonic and cyclic loading. A variety of stud thicknesses, sheathing
materials, fastener spacings were examined under monotonic and cyclic loading,
concluding the variance of fastener shear response based on the different parameters.
Besides, shear connection response with different sheathing materials (oriented strand
board or gypsum), sheathing orientations, edge distances, loading protocols and loading
2

ratings were evaluated by Fiorino et al. (2007) under monotonic and cyclic loading
testing, while Fülöp and Dubina (2006) experimentally examined the shear fastener
response of corrugated steel sheathing and oriented strand board sheathing and based on
their results they introduced connection design criteria. Steel-to-steel connections were
also examined by Moen et al. (2014) under monotonic loading and by Moen et al. (2016)
under both monotonic and cyclic loading, by single screw testing. Moreover, a reliability
approach of cold-formed steel to sheathing fasteners was introduced by Bian et al.
(2017), addressing the variability of the fastener shear data and by implementing Monte
Carlo simulation cold-formed steel shear wall behavior variability was examined.
At the subsystem level there has been a large number of studies dedicated to
characterizing cold-formed steel shear walls. A numerical, analytical and experimental
investigation of sheathed cold-formed steel shear walls by Vieira and Schafer (2012)
concluded that both local fastener deformations and global sheathing deformations
contributed to the strength of the walls under compression loads. Buonopane et al. (2015)
and Bian et al. (2015) developed fastener-based computational models of wood sheathed
cold-formed steel shear walls under earthquake events, using finite element software
OpenSees, concluding that fastener-based models accurately captured the shear wall
performance in comparison with previous experimental findings. Ngo and Schafer (2014)
and Ding and Moen (2015) developed wood sheathed shear wall models using finite
element software ABAQUS and predicting strength and failure limit states for stud-tosheathing connections, in initial efforts to numerically predict shear wall lateral response
with high fidelity. In addition, experimental efforts by Liu et al. (2014) evaluated
connection performance of wood sheathed CFS shear walls under monotonic and cyclic
3

loading under displacement control, while Yu (2010) experimentally examined the shear
strength of different aspect ratio steel sheathed CFS shear walls under monotonic and
cyclic tests. Steel sheathed cold-formed steel shear walls were also discussed by Balh et
al. (2014) and design implementations proposed based on the Equivalent Energy Elastic–
Plastic (EEEP) approach of previous experimental data of blocked and un-blocked steel
sheathed cold-formed steel shear walls. Moreover, steel sheathed cold-formed steel shear
walls were investigated under dynamic lateral loading by Shamim et al. (2013), by
experimentally examining one-story shear wall configurations, as well as two-story shear
wall specimens, while DaBreo et. al (2014) experimentally investigated the response of
one-story steel sheathed shear walls under both gravity and lateral loading subjected to
monotonic and reversed cyclic loading. Furthermore, cold-formed steel shear wall panel
experimental study was conducted by Fülöp and Dubina (2004) by testing different shear
wall configurations sheathed by corrugated steel or oriented strand board in Part I, while
in Part II the tested shear walls were numerically examined.
At the full-system level, a computational modeling of a 2-story CFS building was
performed by Leng et al. (2013), including diagonally braced shear wall modeling
simulation to capture the global robustness of the building under earthquake loading
through global collapse. The numerical results were validated by system-level
experimental investigation of a 2-story CFS building under seismic excitations developed
by Peterman et al. (2016), testing the full response of the building with and without nonstructural components subjected to both destructive and non-destructive experimental
tests. In part I, system response of the building was examined, while in Part II sub-system
level examination of shear walls and diaphragms was discussed. Furthermore, design
4

calculations, criteria and limit states of the 2-story CFS-NEES work were implemented
and provided in the report by Madsen et al. (2011). Finally, Schafer et al. (2016) provided
a summary of the CFS-NEES project by introducing sub-system conducted tests and
models, such as fastener response evaluation and shear wall lateral behavior assessment
under monotonic and cyclic loading, as well as system shake table testing and modeling
by examining a full 2-story cold-formed steel building lateral response.
Although numerical and experimental component-based earthquake cold-formed
steel studies and system-based earthquake CFS building studies are varied in the research
community, little research has been conducted in order to numerically assess the
structural integrity of CFS framed shear walls by using a high fidelity finite element
software and to introduce an accurate and robust model for evaluating the stability and
the failure mechanisms of sheathed CFS shear walls. To the knowledge of the authors,
the limited high fidelity finite element modeling efforts that exist in order to assess the
lateral response of the complicated structural system of sheathed cold-formed steel shear
walls face different computational modeling challenges, while limited finite element
simulation of screw performance has been conducted, which is the governing wall failure
mechanism, as predicted by multiple experimental works.

1.3 Project organization
The present project is focused on the response of wood sheathed cold-formed
steel shear walls subjected to earthquake events. The main objective is to introduce a
robust high fidelity finite element model and more specifically, to introduce an accurate
benchmark model for cold-formed steel shear walls available to the research community.
5

For that purpose, the proposed model is experimentally validated by a recent
experimental study by Liu et al. (2014). Experimental-determined nonlinear data by
Peterman are used for the CFS-to-OSB connections, which represent the governing
failure mechanism in wood-sheathed cold-formed steel shear wall construction, and they
are extensively discussed and examined in this project. An overview of this project is
illustrated in Fig. 2.

Introduction of first numerical
benchmark CFS shear wall model

Finite element software ABAQUS
is used

Comparison with shear

Validation of

Comparison with fastener

wall tests (Liu et al. 2014)

numerical results

tests (Peterman et al. 2014)

Fastener test setup of identical
specimens at UMass
Figure 2: Research objective and project overview.

This work begins by introducing the model and the numerical analysis and
describing the methodology assumptions of the finite element modeling approach. This is
followed by the experimental validation of the finite element model. The comparison
between the numerical and the experimental results is next illustrated in the results and
6

discussion section and the failure mechanisms are presented. Next, the connection data
evaluation is shown by introducing a computational model of a fastener configuration
validated by a previous experimental work by Peterman et al. (2014). Finally, the
conclusions section is dedicated to the observations and the explanations of the most
important findings of this study, identifying future work recommendations.
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2. MODELING AND NUMERICAL ANALYSIS
The current study is a numerical work that evaluates the stability of wood
sheathed cold-formed steel framed shear walls under lateral loading. The configuration
adopted herein is based on the work of Ngo and Schafer (2014) and Ding and Moen
(2015), as illustrated at Fig. 3. In particular, the simulated shear wall is composed of CFS
chord studs, a CFS field stud, CFS tracks, oriented strand board (OSB) sheathing at the
exterior side of the wall, ledger framing at the interior side of the wall, shear anchors at
the bottom of the wall and hold downs for preventing uplift. The critical parameter of an
OSB sheathed CFS shear wall is the CFS-to-OSB connections; these connections and
how they are modeled are the focus of this work.

Figure 3: Geometry configuration and component details (not to scale).
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2.1 Model geometry
The CFS shear wall studied in this work has a width of 1.22m and a height of
2.74m, as depicted in Fig. 3. The frame is constructed of 600S162-54 studs
(15.24cmX4.1cmX0.137cm) and 600T150-54 tracks (15.7cmX3.81cmX0.137cm), while
the ledger is assembled by a structural 1200T200-97 track (30.48cmX5.08cmX0.24cm),
based on AISI-S240-15. Studs are connected to the tracks with No. 10 flathead screws,
while the back-to-back chord studs are connected to each other with No. 10 flathead
screws spaced every 30.48cm. Ledger is connected to the interior side of the shear wall
with No. 10 fasteners. The structural CFS frame is attached to the 11.11mm, 24/16 rated,
exposure 1 by No. 8 flathead fasteners. Simpson Strong-Tie S/HDU6 hold-downs are
used at the bottom of the wall attached at the interior side of the chord studs with twelve
No. 14 fasteners. Seams on sheathing and geometric imperfections are ignored for
simplicity in this first model. The modeling details are summarized in Table 1. Finally,
the shear wall system is subjected to monotonic loading at the top of the wall. The shear
wall configuration described here is adopted for comparison reasons with the
experimental work following.
Table 1: Geometry details
Component
Chord and field studs
Tracks
Ledger
OSB sheathing
Hold-downs

Section
15.24cmX4.1cmX0.137cm (600S162-54)
15.7cmX3.81cmX0.137cm (600T150-54)
30.48cmX5.08cmX0.24cm (1200T200-97)
11.11mm thick, 24/16 rated, Exposure 1
Simpson Strong-Tie S/HDU6
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2.2 Finite element mesh discretization
A high fidelity finite element model is introduced by simulating every component
of the wall structural system by shell elements. Four-node shell elements with reduced
integration points, S4R, are used from ABAQUS library in order to model both CFS
members and OSB sheathing. Mesh significance is illustrated in Schafer et al. (2010) by
comparing three different element types from ABAQUS library, showing the sensitivity
of cold-formed steel components to element and mesh discretization. A fine mesh of a
size of 6.35mm is chosen for the CFS members herein, allowing for two elements in the
lips of the studs. On the other, a coarse mesh of a size of 50.8mm is chosen for OSB
sheathing.

2.3 Material properties
Cold-formed steel components are modeled as isotropic and plastic. The modulus
of elasticity E = 203GPa and Poisson’s ratio ν=0.3 are implemented in the model, while
the isotropic hardening of the CFS members adopted by Moen (2009), as shown in Table
2. Plastic material is observed to avoid the unexpected large stress concentration
predicted by using elastic CFS material properties and to point the regions that yielding
point is reached.

10

Table 2: Isotropic hardening of CFS members
True Plastic Strain
(mm/mm)
0.000
0.005
0.010
0.015
0.025
0.035
0.045
0.055
0.065
0.075
0.085
0.095
0.105

True Stress
(MPa)
401.96
413.69
424.72
441.26
484.01
512.97
534.34
551.58
564.68
575.71
585.36
593.63
601.22

The OSB sheathing is modeled as orthotropic and elastic material, using the
ENGINEERING CONSTANTS command from ABAQUS library. Based on the APA
(The Engineered Wood Association) Panel Design Specification (APA 2012) the panel
strength in both directions, parallel to the strength axis and perpendicular to the strength
axis, is specified, as illustrated in Table 3. The panel strength is converted then to the
modulus of elasticity E and shear modulus G for the sheathing material based on the
implementation of Schafer et al. (2007). Eq. 1, Eq. 2 and Eq. 3 shows the correlation of
the panel strength provided to the Young’s and shear modulus of the sheathing in both
directions, while Table 4 depicts the orthotropic OSB material parameters used in the
simulation.
Table 3: OSB rated panels design capacities
Panel bending stiffness
(parallel to strength axis)

Panel bending stiffness
(perpendicular to strength axis)

Panel Rigidity
(through the thickness)

EIw (kN-mm2/mm)

EIw (kN-mm2/mm)

Gwtw (kN/mm)

734.36

150.64

14.62
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For modulus of elasticity in the direction parallel to the strength axis:
𝐸 =

12(𝐸𝐼 )
𝑡

(1)

For modulus of elasticity in the direction perpendicular to the strength axis:
𝐸 =

12(𝐸𝐼 )
𝑡

(2)

(𝐺 𝑡 )
𝑡

(3)

For shear modulus:
𝐺

=

Table 4: Converted OSB material parameters
Modulus of elasticity
(parallel to strength axis)

Modulus of elasticity
(perpendicular to strength axis)

Shear modulus
(through the thickness)

E1 (MPa)
6422

E2 (MPa)
1317

G12 (MPa)
1316

Modulus of elasticity, shear modulus and Poisson’s ratio need to be defined in
ABAQUS in three dimensions when the material is orthotropic. In particular, Poisson’s
ratio equal to v=0.3 is selected for all the three dimensions. The Young’s modulus E 3 in
the normal to wall plane direction is assumed as E3=E2=1317MPa because it is not of
importance in this work. Concerning the shear modulus, G 13=G23=1316MPa, equal to
G12, is assumed because there is no significant out-of-plane displacement of the wall.

2.4 Fastened connections and hold-down modeling
The modeling approach focuses on the connection behavior. There are two
different connection types used in this study for the connections.
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Firstly, the CFS-to-CFS connections are modeled by means of multi-point
constraints (MPC) pinned from ABAQUS library. MPC pinned is imposed in order to
constrain all the translational degrees of freedom between the two nodes but it leaves the
rotations independent. CFS-to-CFS connections appeared between the back to back chord
studs, between studs and tracks and between studs and ledger. Concerning the
connections between chord studs, the two back to back studs are connected in two line of
connections throughout their webs. Stud-to-track connections are shown between the stud
and track flanges at the top and bottom of the wall. Finally, ledger is connected to the
CFS frame members at the interior of the wall in the upper location of the studs. Fig. 4b,
Fig. 4c and Fig. 4d graphically show the MPC pinned connections described above.
The focal points of this study are the connections between sheathing and CFS
members. Those connections represent the basic limit state in CFS shear wall behavior.
For that reason, CFS-to-OSB connections are modeled as nonlinear by means of
CONN3D2 connector element from ABAQUS library, as shown in Fig. 4a. The nonlinear
behavior introduced to the connector elements are adopted by the experimental study by
Peterman et al. (2014) by using the predicted monotonic experimental behavior, as shown
in Table 5. The backbone of the experimental data shown in Table 5 expresses the
displacement values ePd1, ePd2, ePd3, ePd4 and the respective force values ePf1, ePf2, ePf3,
ePf4 for the positive parts of the force-displacement behavior and a symmetric curve is
used for the negative part of the fastener behavior. In the simulation, the CARTESIAN
connector element from ABAQUS library is used for the translational degrees of
freedom, while the rotations are independent. Overall, the pullout-direction behavior of
CFS-to-OSB connections is not observed to affect the force-displacement response of the
13

shear wall and nonlinear connector elements are shown not to be sensitive to the gap
between sheathing and studs in comparison with nonlinear springs from ABAQUS
library.
(a)

Stud-to-stud
(d)

(b)
CFS-to-OSB
nonlinear connectors
Stud-to-ledger
(c)
Stud-to-track

Hold-down (e)

Figure 4: Connection simulation in ABAQUS. (a) CFS-to-OSB connector elements, (b) Ledger MPC
pinned, (c) Stud-to-track MPC pinned, (d) Chord stud-to-chord stud MPC pinned, (e) Hold-down
SPRING2.
Table 5: Monotonic backbone parameters of connection behavior
ePd1
(mm)
0.56

ePd2
(mm)
3.50

ePd3
(mm)
7.90

ePd4
(mm)
8.90

ePf1
(kN)
1.002

ePf2
(kN)
2.005

ePf3
(kN)
2.506

ePf4
(kN)
2.050

eNd1
(mm)
-0.56

eNd2
(mm)
-3.50

eNd3
(mm)
-7.90

eNd4
(mm)
-8.90

eNf1
(kN)
-1.002

eNf2
(kN)
-2.005

eNf3
(kN)
-2.506

eNf4
(kN)
-2.050

It needs to be highlighted that because ABAQUS defines the connector elements
behavior in three directions, both shear components are defined based on the fastener data
14

shown in Table 5. That leads to an overestimation of the fastener’s strength in the cases
that the vector force components are not aligned with one of the defined axes. This is the
case in the corner fasteners in studs and tracks of the CFS shear wall model. For that
reason, the angle between the two shear vector components is calculated and each
fastener coordinate system is rotated in order one of the shear components to align with
one of the fastener axes. It is observed that the vector force direction of each fastener is
almost constant during the analysis, so an average angle is used for each fastener, as
shown in Fig. 5. As a result, the overestimation of the fasteners’ strength is eliminated.
(a)

(b)
44.1 º 33.8 º 13.0 º

53.4 º
75.9 º

-75.4 º
-53.6 º

-13.8 º -31.3 º -44.0 º

61.4 º

-58.7 º

80.4 º

-78.0 º

-86.2 º

86.0 º

-62.5 º

61.0 º

-46.5 º -34.1 º -15.2 º

-53.7 º
-75.5 º

75.1 º
51.0º

14.4 º 33.6 º 46.2 º

Figure 5: Vector force coordinate system. (a) Angle rotation of the coordinate system mainly at the corner
fasteners. When an angle is not indicated, global coordinate system is used. (b) Vector force directions
captured in ABAQUS.

The hold-downs are modeled as a RIGID BODY at the interior side of the web of
chord studs. The rigid body motion is considered at the location at which hold-downs are
15

in contact with the web of the chord studs, as it is shown in Fig. 4e. The movement of the
rigid body is controlled by a reference point (RP) which is tied at the RIGID BODY
surface. This RP is connected to a fixed node at the ground by SPRING2 from ABAQUS
library. SPRING2 is activated in a fixed direction preventing the uplift of the shear wall.
The tension stiffness is adopted by Leng et al. (2013) as 2929kN/m, while compression
stiffness is considered to be 1000 times more the tension stiffness based on the
assumption that the axial force in chord studs are rigidly transferred to the foundation
when the hold down is in compression. Due to the monotonic loading, one hold-down is
modeled to be activated linearly in tension and the other linearly in compression.

2.5 Boundary conditions and contact modeling
Shear anchors at the bottom track are modeled as pinned by restraining the
horizontal and the out-of-plane movement of the wall, as depicted in Fig. 6a. At the top
of the wall the out-of-plane movement of the wall is restricted by fixing the transverse
direction at two lines of nodes, as shown is Fig. 6b.
Bottom track
(a)
Top track
(b)
Figure 6: Boundary conditions of specimen. (a) Bottom track pinned connections at locations of shear
anchors. The fixed nodes shown at the corners are used to connect the hold-downs to the ground, (b) Top
track constrained out-of-plane displacement.

In the finite element analysis, many contact pairs are introduced as a surface-tosurface contact by ABAQUS library in order to simulate the interaction between
16

members. “Hard contact” is used for the normal contact behavior assuming no
penetration between CFS components and sheathing, while “hard contact’ function as a
normal behavior and friction coefficient of 0.2 as tangential behavior are chosen for studto-track interaction. The model is not sensitive to contact friction coefficients, as it is
observed by the authors when friction coefficient varies from 0.2 to 0.8 in the tangential
contact behavior.

2.6 Pushover analysis
Lateral loading is introduced at the top of the wall as displacement control. A
displacement of 0.127m is assigned as a boundary condition at a reference point (RP) at
the center of the upper track. The reference point is tied at one edge of the track crosssection using the RIGID BODY command from ABAQUS library. The default nonlinear
solution Newton-Raphson method in ABAQUS/Standard (2014) is used and geometric
nonlinearities are included in the analysis.
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3. EXPERIMENTAL VALIDATION OF MODEL
The fastener-based finite element model dimensions, materials and assumptions
described above is based on the wall tested by Liu et al. (2014). Sixteen different
configurations of shear walls were demonstrated, including two monotonic tests and
fourteen cyclic tests. This work is focused on the lateral response of a shear wall under
monotonic loading.

3.1 Test setup and test specimen
The specimen was bolted at the foundation via a steel base by connecting the
bottom track to the steel base with shear anchors and hold-downs. At the top of the wall,
the top track was connected to a WT shape load spreader with No. 10x1’’ hex washer
head self-drilling screws, spaced 0.076m along two lines.

Figure 7: Oriented strand board sheathed cold-formed steel shear wall test specimen of the experimental
work by Liu et al. (2014).
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The steel testing frame is equipped with a 156kN hydraulic actuator with
±0.127m and displacement control monotonic test is conducted in accordance to ASTM
E564. The experimental configuration is shown in Fig. 7. Test components are previously
discussed in the modeling and numerical analysis section and they are in accordance with
the physical test specimen by Liu et al. (2014).

3.2 Fastener-based modeling findings and results
The numerical results are compared and are shown to be validated with the
experimental results by Liu et al. (2014), in terms of force-displacement response, CFSto-OSB connections failure (frame-to-sheathing), deformation of shear wall components
and ledger contribution. Furthermore, the introduced model is shown to be mainly
sensitive to CFS-to-OSB connection data and the high variance at fastener behavior
seems to play a significant role in the numerical results.

3.2.1 Force-displacement response
The force-displacement curve is illustrated in Fig. 8, showing that the proposed
computational model accurately captures the peak base shear of the wood sheathed CFS
framed shear wall by overestimating the peak load by 5.6% in comparison with the
experimental work by Liu et al. (2014). Furthermore, the stiffness is reasonably captured
compared to the experimental one. It needs to be mentioned herein that stiffness and
strength are the subject of this work, so post-peak behavior of the wall is out of
consideration.
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Base shear (kN)
Figure 8: Computational force-displacement curve in comparison with the experiment (test 1c).

While the computational model accurately captures the CFS shear wall response
in comparison with the experimental study by Liu et al. (2014), a parametric analysis of
the available fastener data by Peterman et al. (2014) is conducted. As shown in Fig. 9a,
the introduced fastener-based model is directly affected by the experimental determined
fastener data. As expected, the high variance in the available fastener shear data
respectively affects the shear wall lateral response. There are two identical tested
specimens under monotonic loading by Peterman et al. (2014), which are used in this
work as nonlinear behavior based on the 40%Ppeak, 80%Ppeak, Ppeak and 80% Ppeak. Based
on ABAQUS algorithm formulation, after the last user-defined point the forcedisplacement relationship remains constant, which is represented as a straight line parallel
to the displacement axis, as illustrated with the dashed lines in Fig. 9b. The average of
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those is also examined in our work, as illustrated in Fig. 9b. All the fastener data are
predicted to reasonably capture the stiffness of the shear wall, while the peak load is
varied based on the connection data.
(a)

(b)

Figure 9: (a) CFS shear wall lateral response based on different available nonlinear fastener data, (b)
Available connection data by Peterman et al. 2014. The nonlinear behavior is based on the 40%P peak,
80%Ppeak, Ppeak, 80% Ppeak.

It needs to be mentioned herein that the plateaus shown in Fig. 9a are related to
the post peak behavior of the fastener data introduced on Fig. 9b and specifically the last
point of the force-displacement curve of the fasteners. In detail, the degradation part of
the fastener backbone curve, which is used in the numerical simulation, is defined at 80%
of the peak load at each of the three scenarios examined above and after that point the
behavior of the fasteners is described by constant force while the displacement is
increasing, illustrated by the dashed lines in Fig. 9b. This means that when the first
fastener reaches its capacity, ABAQUS uses a plateau in order to represent its remaining
capacity, which in reality is an unrealistic phenomenon. And while the failure is
propagated, the same behavior is observed to the immediate next fasteners.
21

After the failure of all the fasteners between OSB and CFS tracks, as well as
between OSB and chord studs, the plateau depicted at Fig. 9a is initiated at the global
shear wall force-displacement curve. This means that at the beginning of the plateau in
shear wall behavior, all the fasteners have failed, and the post-peak response is based on
the idealization described above for the fastener data with a constant force.
As a result, the lateral response of the shear wall up to its peak load is considered
accurately captured, while post peak behavior of the wall is governed by the assumption
shown in Fig. 9b. The post peak behavior of this wall is out of consideration for this
master project, but it is included for the sake of completeness.

3.2.2 CFS-to-OSB connections failure
The experimental study by Liu et al. (2014) depicts that CFS-to-OSB fasteners
pull-through, edge tear out and fastener bearing are the failure mechanisms that govern
the wood sheathed CFS shear wall response under lateral loading. CFS-to-OSB sheathing
connection failure is observed in the numerical model in accordance to the experiment, as
shown in Fig. 10 and Fig. 11. Specifically, the chord studs-to-sheathing connections and
the tracks-to-sheathing connections are predicted to fail based on the computational
model. As expected, the corner fasteners of the shear wall are predicted to fail first, while
the failure is transferred to the immediate adjacent fasteners. In the experimental work,
bottom track-to-sheathing connection failure and bottom chord stud-to-sheathing
connection failure are observed to fail, while OSB-to sheathing connection failure is also
observed around the horizontal seam location. While horizontal seam is ignored in the
computational simulation, model predicts connection failure both at the top and at the
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bottom of the wall. Concerning the middle part of the wall, small forces are distributed to
the field stud-to-sheathing connections in both numerical and experimental work.
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Figure 10: Progression and extent of fastener failure. Chord studs are observed to observed to fail reaching
their maximum capacities, while small forces are distributed to field stud.
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Figure 11: Progression and extent of fastener failure. Top and bottom tracks are observed to fail before
fasteners reach their maximum capacities.

While the coordinate system of each fastener is rotated based on the vector force
that each fastener transfers, it seems reasonable to plot the connection failures in a 2D
surface failure criterion, in order to clearly explain the behavior of the fasteners. As a
result, in Fig. 12, a surface criterion is defined, and it is indicated by the blue lines and
the all the points in the graph are referring to the all the fasteners of the shear wall model.
Specifically, the diamonds are referring to the track to sheathing fasteners, the stars are
referring to the exterior of the chord studs to sheathing fasteners, the circles outside of the
failure criterion are referring to the interior of the field studs to sheathing fasteners, while
the circles enclosed by the failure criterion are referring to the field stud to sheathing
fasteners. It needs to be mentioned that fastener points outside of the 2D surface failure
criterion are determined to fail, while fasteners enclosed by the 2D surface failure
criterion are determined not to fail.
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/*Peak fastener forces

Figure 12: 2D surface fastener failure criteria representation.

3.2.3 Deformation of shear wall components and ledger contribution
The structural cold-formed steel frame is deformed as a parallelogram while the
sheathing is mainly remaining as a rectangular shape and rotates, as illustrated in Fig.
13b. Large stress concentration is observed near to stud-to-track connection and close to
the hold down regions. It is predicted that before the peak CFS-to-OSB connections
failure govern, while after the peak load large deformations and instability phenomena
are shown to govern.
The impact of ledger track in the OSB sheathed CFS shear wall is shown in Fig.
13a. Higher strength is predicted when ledger is attached at the interior of the CFS shear
wall and this is in agreement with the experimental observations.
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(a)

Base shear (kN)

(b)

Figure 13: (a) Impact of ledger in the finite element analysis. Strength is increased when ledger is attached
in accordance with the experimental work, (b) Deformed shape at the end of the analysis (scale 2).
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4. CONNECTION DATA VERIFICATION
While the introduced cold-formed steel shear wall model is shown to be highly
sensitive to the CFS-to-OSB connection data, the connection behavior itself needs to be
evaluated and verified. For that reason, a high fidelity finite element model is simulated
in ABAQUS, based on the experimental configuration by Peterman et al. (2014). The
numerical results are then compared to the experimental ones, validating the connection
data and as a result the introduced benchmark model itself. It needs to be mentioned that
basic modeling assumptions simulated in the shear wall model are also used for the
connection configuration model.

4.1 Computational modeling of fastener setup
The purpose of this section is to shed light on the connection shear response by
numerically introducing and validating a fastener system setup. The fastener-based finite
element model dimensions, materials and assumptions are based on the fastener
configuration tested by Peterman et al. (2014). In particular, the simulated fastener setup
is composed of two CFS studs, oriented strand board (OSB) sheathing at both sides and
steel plates at top and bottom stud webs in order to avoid the buckling of the web under
monotonic loading. The critical parameter of the described fastener setup is the CFS-toOSB connections; these connections and how they are modeled are the focus of this work
as explained before. In needs to be highlighted that the basic shear wall assumptions,
such as material properties and cross sections, mesh discretization, connector elements
and contact, are based on the shear wall simulation described in the second section of this
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project with a purpose not only verify the connection behavior but also the introduced
computational shear wall model.

4.1.1

Finite element model description

Regarding the model geometry, the fastener configuration in this section has a
width of 40.64cm and a height of 30.48cm, as shown in Fig. 14b. The frame is
constructed by 600S162-54 cold-formed steel studs (15.24cmX4.1cmX0.137cm) and
11.11mm, 24/16 rated, exposure 1 oriented strand board sheathing. The CFS studs are
connected to the OSB sheathing panels by No.8X49.21mm Simpson Quick Drive
fasteners. Finally, 40.64cmX15.24cm steel plates are attached to the exterior side of the
stud webs, while at the interior side 5.08cmX13.97cm and 12.7xmX13.97cm steel plates
are attached to the interior side of the studs, as shown in Fig. 15a.
(a)

(b)

Figure 14: (a) Finite element simulation of stud-screw-sheathing configuration, (b) Front view and inside
view of test setup.
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As described in the second section of this project, the CFS studs are modeled as
isotropic plastic materials, based on Moen (2009), as shown in Table 2, while the OSB
sheathing sheets are modeled as orthotropic elastic materials, as indicated in Table 4.
Concerning the mesh discretization, shell S4R elements from ABAQUS library are used
for both CFS studs and OSB sheathing by choosing a mesh of 6.35mm for CFS members
and 50.8mm for OSB panels. The steel plates are modeled herein as rigid bodies regions
tied to reference points, as shown in Fig. 14a. The dimensions of the rigid bodies are
related to the dimensions of the steel plates in the actual specimen.
The focal points of this work are the fastened connections modeled, as it is
already mentioned throughout the project. More specifically, the CFS-to-OSB
connections are the components of interest and they are modeled by using connector
element CARTESIAN from ABAQUS library. Two different fastener nonlinear
behaviors by Peterman et al. (2014) are examined herein, as shown in Table 6. The forcedisplacement behavior, as illustrated in Table 6, is denoted as ePd-ePf data. The negative
nonlinear parameters are symmetric to the positive ones.
Regarding the boundary conditions of the fastener configuration, the top stud web
is fixed in six nodes throughout the web representing the bolts shown in Fig. 14b. The
fastener system is subjected to monotonic loading at a reference point in the middle of the
bottom stud web parallel to the flanges of the studs in accordance with the experimental
work. The default nonlinear solution Newton-Raphson method in ABAQUS/Standard
(2014) is used and geometric nonlinearities are included in the analysis.
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Table 6: Positive monotonic backbone parameters of connection behavior
(Negative monotonic values symmetric)
Higher connection
data
ePd (mm)
ePf (kN)
0.40
0.627
0.50
0.890
0.80
1.223
1.20
1.512
1.90
1.766
2.50
1.868
3.60
2.002
5.60
2.269
6.60
2.460
7.10
2.508
7.90
2.482
8.50
2.362
8.80
2.046
9.10
1.957
10.0
1.512
10.4
0.756
12.6
0.000

Lower connection
data
ePd (mm)
ePf (kN)
0.40
0.627
0.70
0.890
1.00
1.157
1.50
1.348
2.70
1.557
3.00
1.615
4.10
1.757
5.60
1.890
6.20
1.926
6.80
1.886
7.10
1.864
7.60
1.753
7.70
1.468
7.80
1.441
9.90
0.845
10.4
0.467
12.7
0.111

4.2 Experimental validation of fastener setup
Three different stud thicknesses in correlation with two different fastener spacings
and with two sheathing materials under monotonic and cyclic loading were examined by
Peterman et al. (2014). This work is focused on the response of a stud-fastener-sheathing
configuration under monotonic loading, based on stud thickness, fastener spacing, and
sheathing material used in the shear wall simulation. The test rig was fixed at the top,
while monotonic loading was applied at the bottom part. Fig. 15a illustrates the test
specimen before loading, while Fig 15b depicts the test specimen after the loading
indicating the governing fastener failure mechanisms.
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(a)

(b)

Figure 15: Experimental fastener configuration and response by Peterman et al. (2014). (a) Specimen
before testing, (b) Specimen after testing.

4.2.1 Connection model findings in comparison with experiment
The finite element model is capable of accurately capturing the fastener system
response in comparison with the experimental study by Peterman et al. (2014). Stiffness
is also reasonably captured in both identical specimens tested.
This indicates that the assumption of the introduced finite element model is also
validated by the fastener simulation and that it is able to predict that fastener behavior
directly impacts the cold-formed steel shear wall lateral response. The response of the
system of eight fasteners is depicted in Fig. 16. The blue and the red curves are referring
to the two experimental results of an identical system of fasteners by Peterman et al.
(2014), while the magenta and the black line are referring to the finite element model
results respectively.
Fastener failure mechanisms govern at this case and all the fasteners fail at the
same time, as it is expected. It needs to be mentioned that the vector forces of the
fasteners are predicted parallel to the load, while the vertical to load shear direction seem
not to transfer any load. The vector forces are depicted in the inset of Fig. 16 with the
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arrows representing the directions of all the fasteners along the vertical axis (x-axis

Reaction force (kN)

herein). For that reason, the coordinate system of all the fasteners are the global one.

Figure 16: Computational findings in agreement with experimental results by Peterman et al. (2014).
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5. FUTURE WORK
This section serves as a transition to the next research step of the first author as a
PhD student. While the purpose of this project is to introduce a robust benchmark finite
element model, it is important to accurately clarify the fastener data that are used for
CFS-to-OSB connections. The challenge is that available experimental fastener data for
identical specimens are shown to significantly vary.
For that reason, an experimental fastener setup will take place in University of
Massachusetts Amherst, with a goal of shading light into the CFS-to-OSB fastener shear
response. Specifically, 30 identical specimens, based on the configuration and
assumptions by Peterman et al. (2014), will be assembled and the response of a system of
eight fasteners will be tested. The test specimens will be composed of two 600S162-54
cold-formed steel studs (15.24cmX4.1cmX0.137cm), connected to two sheets of oriented
strand board 11.11cm, as happens in the shear wall configuration. The spacing between
the fasteners of interest will be 30.48cm.
In conclusion, statistical data, including mean and standard deviation, will be
calculated based on the test results and the average of the 30 tests will be used to
complete the introduced finite element model of wood sheathed shear walls, which is the
focus of this project.
Another essential step is to introduce a 2D surface failure criterion through
ABAQUS which couples the behavior of the two shear vector force directions. This aims
to eliminate the rotation of the coordinate system of each one of the fasteners, which is
considered a time-consuming approach.
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Besides, expansion of the introduced model into bigger walls with vertical seams,
as well as into steel sheathed shear walls will be conducted. The purpose of this is to
further validate the proposed model with different wall configuration and different
details. Furthermore, the proposed model will be validated by different loading
implementations, such as cyclic or dynamic analyses taking into account the hysteretic
response of the fasteners.
It needs to be mentioned that for validating purposes experimental data will be
used and in case experimental data are not available for all the different purposes the
AISI S400 code provisions are available. For that reason, a comparison of the numerical

Base shear (kN)

and experimental results with the code is provided in Fig. 17.

Figure 17: Numerical and experimental results in comparison with AISI S400-15 code. Code
underestimates the lateral capacity of the wall.
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As illustrated, AISI S400 underestimates the base shear capacity by 34%, which is
indicated by the black horizontal dashed line. While the numerical results are in highly
agreement with the experimental ones, code seems to be much more conservative. It
needs to be mentioned that current code provisions are more conservative than the
capacity of the shear wall, and this needs to be taken into account when code is used for
comparison with the numerical results. To conclude, AISI S400 can be used to provide a
baseline for future models for which experimental tests do not exist, but as shown the
code conservatively predicts strength, by almost half.
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6. CONCLUSIONS
This work introduces an accurate high fidelity finite element model for the lateral
behavior of wood sheathed cold-formed steel framed shear walls, by focusing on the
nonlinear behavior of CFS-to-OSB connections. For that purpose, finite element software
ABAQUS is used and a three-dimensional finite element fastener-based shear wall model
is introduced. In particular, fastener-based models are shown to be capable of predicting
the peak load of the wall and reasonably reproduce the force-displacement response
predicted by a previous experimental study. Furthermore, the proposed model is capable
of capturing the CFS-to-sheathing connection failure of wood sheathed cold-formed steel
shear walls and identifying the full wall panel deformation and stress concentration in
comparison with the experimental study. Finally, the ledger contribution to the strength
of the wall is captured in conjunction with the experimental study.
Moreover, the proposed finite element model accurately captures the fastener
shear response in comparison with a previous fastener-oriented study. Basic modeling
assumptions introduced in the shear wall model, are also used for the three-dimensional
fastener configuration simulation. Strength, stiffness and failure modes of a stud-fastenersheathing configuration are reasonably captured, validating that the introduced modeling
assumptions for both fasteners and shear wall system.
The conclusions of the study clearly display that fastener-based models constitute
a powerful tool for evaluating the behavior and the failure mechanisms of wood sheathed
cold-formed steel shear walls. The implementation of this work into bigger wood
sheathed CFS shear walls accounting for the use of vertical and horizontal seams at the
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sheathing is considered as a next step, while the extension of the model into different
sheathing materials, such as steel is needed to be assessed as a future work.
It needs to be mentioned that by implementing this robust computational tool,
future research can be conducted in any cold-formed steel screw-fastened connection
system, such as diaphragms with a potential use of fastener-based modeling in full
building simulation.
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